A soluble, NAD+-dependent D( -)-mandelate dehydrogenase has been purified to homogeneity from the yeast Rhodotorula graminis strain KGX 39, using DEAE-Sephacel, Phenyl Sepharose and Matrex Gel Orange A affinity chromatography. The M, of the native enzyme was 77000 (as determined by gel filtration) and the subunit M , was 38000 (as determined by SDSpolyacrylamide-gel electrophoresis), indicating that the enzyme exists as a dimer. Amino acid analysis showed only one cysteine residue per subunit. There was no spectroscopic evidence for the presence of cofactors such as flavin or cytochrome. The enzyme was neither inhibited nor stimulated by a wide range of salts and metal ions, nor was it inhibited by various metal chelating agents, indicating that the enzyme has no absolute requirement for salt or metal ions. The enzyme was not inhibited by various thiol reagents. The isoelectric point was 5.9. D(-)-Mandelate dehydrogenase catalyses the oxidation Of D( -)-mandelate (forward reaction) and the reduction of phenylglyoxylate (reverse reaction). Activities of the forward reaction and reverse reactions were maximal at pH 9-5 and pH 5.85, respectively. Oxidation of D( -)-mandelate produced equimolar amounts of phenylglyoxylate and NADH, and the equilibrium constant was 1.59 x 10-' M, pH 9-2. At pH 9.5, the K , values for D( -)-mandelate and NAD+ were 319 pM and 71 p~ respectively, and the maximum velocity was 123 pmol min-l (mg of protein)-'. The apparent K , and V values with respect to D(-)-mandelate, NAD+, phenylglyoxylate and NADH at pH5.85, pH 7.0 and pH 9-5 are recorded. D( -)-Mandelate dehydrogenase uses various substituted mandelates as substrates. Several aliphatic 2-hydroxy and 2-oxocarboxylic acids did not act as substrates but were capable of inhibiting the enzyme. Comparisons are made with other mandelate dehydrogenases and NAD+-dependent dehydrogenases.
INTRODUCTION
Various bacteria and fungi are capable of growing on either D( -)-, L( +)-or DL-mandelate as sole source of carbon and energy (Fewson, 1988) . The first step in the dissimilation of mandelate usually involves stereospecific oxidation to phenylglyoxylate, and this is then degraded via benzaldehyde to benzoate. In several bacteria, including Acinetobacter calcoaceticus and probably Pseudomonas putida, the mandelate dehydrogenases are NAD(P)+-independent integral membrane proteins requiring flavin as prosthetic group (Hegeman, 1966; Allison et al., 1985b; Hoey et al., 1987) . In the yeast Rhodotorula graminis, preliminary evidence indicated the presence of a dye-linked L( +)-mandelate dehydrogenase and an NAD+-dependent D( -)-mandelate dehydrogenase (Durham, 1984) . This was the first clear example of an NAD+-dependent enzyme being involved in the oxidation of mandelate. More recently a 2-
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15 ml) and dialysed overnight against 2 litres of buffer B [50 mM-potassium phosphate buffer (pH 7.5) containing 1 mhf-dithiothreitol]. Chromatography on Matrex Gel Orange A. The dialysed pool was applied to a Matrex Gel Orange A column (15.5 cm x 2.6 cm) pre-equilibrated in buffer B. Once the column was loaded, the pump was stopped for 30 min. The column was then washed with 200 ml buffer B followed by 300 ml buffer A. The flow was reversed and pure D( -)-mandelate dehydrogenase was eluted with buffer A containing 0.5 mM-NADH. Active fractions were pooled (approx. 44 ml) and the enzyme concentrated either by vacuum dialysis or by dialysis against dry Aquacide 2 powder (Calbiochem). The pool was further concentrated to 200 pl using a Centricon-30 microconcentrator (Amicon) , and stored in buffer A containing 50% (v/v) glycerol at -20 "C.
Preparation ofbufers. Buffers were prepared at the temperature at which they were to be used by adjusting the pH of ten-ninths strength solutions with NaOH or HC1 and then making to volume.
Enzyme assays. The oxidation of D( -)-mandelate (forward reaction) was measured in a 1 ml reaction mixture containing 200 mM-Bicine/NaOH buffer (pH 9.9, 1 ~M -N A D + ,
~M -D (
->mandelate and enzyme. During the purification procedure, column fractions were assayed as above except that 200 mM-glycine/NaOH buffer (pH 9.5) was used instead of Bicine/NaOH buffer. The reduction of phenylglyoxylate (reverse reaction) was measured in a 1 ml reaction mixture containing 200 mwpotassium phosphate buffer (pH 5-85), 200 p~-N A D H , 1 mhi-phenylglyoxylate and enzyme. Because of the instability of NADH at low pH, a non-enzymic rate was determined and deducted from the enzymic rate. Both assays were monitored at 340 nm, 27 "C and a AA340 of + 6.3 (forward reaction) or -6.3 (reverse reaction) was taken to correspond to the turnover of 1 pmol of substrate.
One unit of enzyme activity is defined as 1 pmol of substrate converted min-' ; specific activities are given as units (mg protein)-'.
Reaction stoicheiometry and equilibrium constant. D( -)-Mandelate dehydrogenase catalyses both the oxidation of D( -)-mandelate and the reduction of phenylglyoxylate. The reaction stoicheiometry and equilibrium constant were determined by following the progress curve of the reaction. The concentration of substrates and products were at equilibrium when the curve reached a plateau. The concentration of NADH at equilibrium was determined from the AA340; the concentration of NAD+ at equilibrium was calculated by deducting the concentration of NADH from the concentration of NAD+ initially added. The initial amount of NAD+ added was determined enzymically using the method described by Boehringer Mannheim (1973) , except that the reaction mixture was decreased to 1 ml. Both D( -)-mandelate and phenylglyoxylate were determined using reverse-phase HPLC. Samples were injected into a Bio-Rad C4 RP-304 reverse-phase column (25 cm x 0.46 cm) preequilibrated in 0.1 % (v/v) trifluoroacetic acid. Compounds were eluted at a flow rate of 1 ml min-l and detected at 210nm. The amount of each aromatic acid was calculated from a standard curve constructed using known amounts of compound. The apparent equilibrium constant, K&, was determined using the equation :
Isoelectric point. Purified D( -)-mandelate dehydrogenase (100 pg) in 25 mM-Bistris/HCl buffer (pH 6.7) was applied to an FPLC Mono P chromatofocusing column (20 cm x 0.5 cm) pre-equilibrated in the same buffer. The column was washed with 8 ml of Bistris/HCl buffer before the enzyme was eluted with Polybuffer PB 74 made 1 : 10 with water and adjusted to pH 3.8. Fractions (1 ml) were collected at a flow rate of 0.5 ml min-l and assayed for enzyme activity. The ,4280 of the effluent was monitored and the pH of each fraction determined.
Absorption spectrum. Purified D( -)-mandelate dehydrogenase (400 pg) in 50 mM-Tris/HCl buffer O>H 8.0) was scanned (200 nm-600 nm) in a 1 ml quartz cuvette using a Pye Unicam SP8-100 spectrophotometer at 2 nm s-l.
Electrophoresis. The purity of samples during the purification procedure was monitored by SDS-polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli, 1970) . Slab gels (19 cm x 9.5 cm X 0.15 cm) of 12.5% (w/v) polyacrylamide with 5.6% (w/v) stacking gels were run at 100 mA and stained for protein using 0.1 % Coomassie Brilliant Blue G250 in 50% (v/v) methanol/lO% (v/v) acetic acid for 45 min at 60 "C. Destaining was carried out in 10% (v/v) methanol/lO% (v/v) acetic acid at the same temperature. Non-denaturing gels of 7.5% (w/v) polyacrylamide with 5.6% (w/v) stacking gels were run at 45 mA and stained either for protein as above or for D( -)-mandelate dehydrogenase activity in 66.7 mM-sodiUm pyrophosphate buffer (PH 9.0) containing 1 mM-NAD+, 1 mM-D( ->mandelate, 550 pM-N-methylphenazonium methosulphate and 55 pM-Nitro Blue Tetrazolium in the dark for 10 min at 30 "C.
Relative molecular mass. The native M, was estimated under non-denaturing conditions using gel filtration chromatography with an FPLC Superose 6 column (30cm x lcm) pre-equilibrated in buffer A containing 100 mM-NaC1. The column was calibrated with ferritin (M, 450000), pyruvate kinase (M, 237000), aldolase (M, 158000), lactate dehydrogenase (M, 140000), ovalbumin (M, 43000) and cytochrome c (M, 12500). Proteins were eluted at a flow rate of 0.5 ml min-l and the A280 of the effluent was monitored. Fractions (250~1) were collected and assayed for D( -)-mandelate dehydrogenase activity.
The subunit M, under denaturing conditions was estimated by SDS-PAGE using phosphorylase b (M, 94000),
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bovine serum albumin (M, 67000), ovalbumin (M, 43000), carbonic anhydrase (M, 30000), soya bean trypsin inhibitor (M, 20 100) and a-lactalbumin (M, 14400) as standards. Gels were stained and then scanned with an LKB 2202 Ultroscan laser densitometer.
Amino acid analysis. Approximately 1.3 mg of purified D( -)-mandelate dehydrogenase was used to determine the amino acid composition. Samples were hydrolysed in 5.65 M-HC~ at 110 "C for 24, 48, 72 and 96 h. Valine, leucine and isoleucine were determined from their respective amounts at the end of the time course; serine and threonine were determined by extrapolating back to zero time. Cysteine was detected as cysteic acid after oxidation of the original sample with performic acid for 4 h at room temperature. Hydrolysed samples were analysed with an LKB 4400 amino acid analyser. The data were normalized to alanine = 23 nmol.
Analytical methods. Protein concentrations were determined by the Lowry method, except for enzyme pools obtained during purification, where the method of Bradford (1976) was used. Bovine serum albumin was used as the standard for both methods. The pH values of solutions were usually determined with a standard laboratory pH meter, but where the volume was small (e.g. 1 ml reaction mixtures), a Radiometer type M26 pH monitor fitted with a GK 2302 micro pH electrode was used. Conductivities were determined with a Radiometer type CDM2e conductivity meter. During enzyme purification, the AZs0 of column effluents was measured with an LKB Uvicord monitor.
Kinetic parameters. The K,,, and V values of D( -)-mandelate dehydrogenase with respect to its substrates and cofactors were determined by the two-substrate method described by Engel (1981). The apparent K, and V values were determined by measuring the initial velocities in the presence of several non-saturating concentrations of the first substrate, at a fixed high concentration of the second substrate. The fixed concentration of the second substrate was at least 6.5-fold more than its apparent K,, and in most cases was over 10-fold. The kinetic data were analysed using the Direct Linear method (Eisenthal & Cornish-Bowden, 1974 ) using the Enzpack computer program (Williams, 1985) .
RESULTS AND DISCUSSION

PuriJication of D( -)-mandelate dehydrogenase
A typical purification is summarized in Table 1 . The enzyme eluted from the first DEAESephacel column at approximately 70 mM-NaC1, and it proved necessary to dialyse the crude extract to ensure binding of the enzyme to the gel bed. The second DEAE-Sephacel column was beneficial in removing the ethanediol from the sample and concentrating the enzyme pool. The enzyme was finally purified using the Matrex Gel Orange A column. Unlike red and blue dyeligands which have been used extensively in the purification of NAD(P)+-dependent dehydrogenases, Orange A has been successful in only relatively few cases (Amicon, 1980) . Changing the pH of the buffer from pH 7.5 (buffer B) to pH 8.0 (buffer A) was essential in removing contaminant proteins from the column prior to elution of D( -)-mandelate dehydrogenase with NADH. Yields were of the order of 5 0 4 0 % of the original total activity and the enzyme was purified approximately 240-fold. D( -)-Mandelate dehydrogenase was purified to homogeneity as determined by denaturing and non-denaturing PAGE (Fig. 1) . The enzyme was purified in good yield (1-2 mg from 40-50 g wet wt of cells) and loss of activity was negligible even after storage for several months at -20 "C. The procedure has been successfully carried out 18 times with very similar results. The results presented are for a typical purification starting from 40 g wet wt of cells.
Concn of Total
Total Specific
Step (ml) (mg ml-I) (mg) (units ml-l) (units) (units mg-l) (fold) Relative molecular mass The subunit M , was estimated to be 38000 & 1400 SD (n = 13 batches of enzyme) and the native Mr was estimated to be 77 200 (76900,77 500). Comparison of the native and subunit Mr suggests that the enzyme exists as a dimer of identical subunits. Other D ( -)-specific 2-hydroxy acid dehydrogenases have very similar Mr values : the D ( -)-lactate dehydrogenases from lactic acid bacteria and staphylococci are dimers with native M , between 70000 and 80000 (Garvie, 1980) , the D( -)-2-hydroxyisocaproate dehydrogenase of S . faecalis is a dimer with a native Mr of 72000 (Yamazaki & Maeda, 1986 ) and the D( -)-mandelate dehydrogenase of L. curvatus is also a dimer of identical subunits, although it has a somewhat lower native M, of 60000 (Hummel et al., 1988) .
Amino acid analysis Table 2 shows the amino acid composition of D( -)-mandelate dehydrogenase (% by wt) as the mean values from two independent experiments, with an approximate number of residues per subunit. The most notable feature of the amino acid composition was the low number of cysteine residues, i.e. one per subunit. A low cysteine content has also been observed in the lactate dehydrogenasys of Lactobacillus acidophilus, Lactobacillus plantarurn and Lactobacillus casei (Hensel et al., 1977) .
Absorption spectrum, and efect of salts, metal ions and metal chelators
The absorption spectrum of D( -)-mandelate dehydrogenase (not shown) had a maximum at 280 nm but no absorbance above 340 nm, indicating that the enzyme does not contain bound flavin or cytochrome as cofactor. In contrast, the absorption spectra of the D ( -)-and L( +)-mandelate dehydrogenases of A . calcoaceticus both show absorbance above 340 nm with shoulders between 420 nm and 450 nm, and 420 nm and 460 nm respectively. FAD has been identified as the prosthetic group of the D(-)-mandelate dehydrogenase and FMN as the prosthetic group of the L( +)-mandelate dehydrogenase in this bacterium (Allison et al., 1985b; Hoey et al., 1987) . Enzyme activity (after a 5 min pre-incubation at 27°C) was neither stimulated nor inhibited by 1 mM concentrations of NaCl, Na2S0,, KC1, MgC12, NH,Cl, CaC12, ZnC12, CoCl2, FeC13, KH2P04, NaH2P0,, MnSO,, MnC12 or CuSO,. Enzyme activity was not inhibited (after a 5 min pre-incubation) by the following metal-chelating agents each at 1 mM : EDTA, diethyldithiocarbamic acid, bathophenanthroline disulphonic acid, dihydroxybenzene disulphonic acid, pyrazole, 8-hydroxyquinoline or 2,2'-dipyridyl. This indicates that the enzyme has no absolute requirement for salts or metal ions.
Eflect of thiol reagents D( -)-Mandelate dehydrogenase was strongly inhibited by 10 mM-N-ethylmaleimide. However, there was little or no inhibition of enzyme activity by 10 mM-iodoacetate, 10 mMiodoace tamide, 6.65 m~-5 , 5'-di t hiobis( 2-ni trobenzoic acid) or 5 mM-44 c hloromercuri) benzoate, even after a 6 h pre-incubation at 27°C. This is in stark contrast to the mandelate dehydrogenases of A . calcoaceticus, which are susceptible to these reagents; in particular the D( -)-mandelate dehydrogenase is strongly inhibited by 4-(chloromercuri)benzoate, less than 1 p .~ producing 50% inhibition after only a 10 min pre-incubation at 27 "C (Allison et al., 1985b; Hoey et al., 1987) . The R. graminis enzyme also differs from the D ( -)-mandelate dehydrogenase of L. curvatus (94% inhibition at 100 p~-4-(chloromercuri)benzoate) the D( -)-2-hydroxyisocaproate dehydrogenase of S. faecalis (complete inhibition at 0.5 m~-4-(chloromercuri)-benzoate) and many eukaryotic lactate dehydrogenases which are inhibited by thiol reagents (Holbrook et al., 1975; Yamazaki & Maeda, 1986; Hummel et al., 1988) .
Eflects of pH on the enzyme
Initial rates were measured in appropriate buffers over the pH range 4.6 to 1 1.1. Oxidation of D( -)-mandelate was maximal at pH 9.5 in either 200 mM-Bicine/NaOH buffer or 200 mMglycine/NaOH buffer, and the maximum activity for the reduction of phenylglyoxylate was at pH 5.85 in 200 mM-potassium phosphate buffer. Enzyme activity was detectable over a wide range of pH especially when assayed using the reverse reaction. These results are very similar to other 2-hydroxyacid dehydrogenases, where the oxidation of the 2-hydroxy acid shows a higher pH optimum than the reduction of the corresponding 2-0x0 acid (LCJohn, 1971 ; Garvie, 1980; Yamazaki & Maeda, 1986; Hummel et al., 1988) . The isoelectric point of purified D(-)-mandelate dehydrogenase was 5-9 (5.95, 5.85). Reaction stoicheiometry and equilibrium constant The concentrations Of D( -)-mandelate, NAD+, phenylglyoxylate and NADH at equilibrium (Table 3) indicate that D( -)-mandelate dehydrogenase produced approximately equimolar amounts of phenylglyoxylate and NADH and the average equilibrium constant was 1.59 x 1 0 -l '~ at pH 9-2. Therefore the reduction of phenylglyoxylate to D(-)-mandelate is thermodynamically favoured at this pH.
Substrate, cofactor and inhibitor specificity D ( -)-Mandelate dehydrogenase from R. graminis is an NAD+-dependent dehydrogenase and cannot use NADP+ as cofactor; neither can it use the dye 2,6-dichloroindophenol or 2,6-dichloroindophenol plus N-methylphenazonium methosulphate as electron acceptors, which have been used in the assay of P . putida and A. calcoaceticus mandelate dehydrogenases (Hegeman, 1966; Hills & Fewson, 1983) . Similarly the D( -)-mandelate dehydrogenase of Aspergillus niger cannot use this dye as an electron acceptor, although it is unclear whether this enzyme is NAD+-dependent (Jamaluddin et al., 1970) .
The ability of the enzyme to use a number of substituted mandelates and mandelate analogues as substrates was tested. However, velocity values could not be determined because many of the corresponding substituted phenylglyoxylates absorb strongly at 340 nm (i.e. the monitoring wavelength), unlike phenylglyoxylate which has negligible absorbance at this wavelength. The molar absorption coefficients at 340nm of these compounds could, in principle, be used to determine correction factors (MacKintosh & Fewson, 1988 The enzyme was assayed in the presence of inhibitor at the calculated K , value for D( -)-mandelate or phenylglyoxylate respectively. D( +)-Malate, citrate and glyoxylate at 10 mM were neither substrates nor inhibitors of the enzyme. Comparison of the compounds that are substrates shows them to contain some form of a ring structure (an aromatic ring, a six-carbon non-aromatic ring or a thiophene ring), whereas those which inhibited activity contained a hydrophobic side chain. In contrast to the yeast enzyme, the D( -)-2-hydroxyisocaproate dehydrogenase of S. faecalis and the D( -)-mandelate dehydrogenase of L. curvatus show catalytic activity with both aromatic and aliphatic 2-hydroxycarboxylic acids (Yamazaki & Maeda, 1986; Hummel et al., 1988) . It is plausible that with the yeast enzyme, the hydrophobic ring is important for the correct orientation of the substrate at the active site, and although the 2-hydroxy and 2-oxocarboxylic acids with hydrophobic side chains can bind at the active site, they lack this ring and therefore (Fewson, 1988) .
Kinetic properties At pH 9.5, the K , for D( -)-mandelate was 319 p~ (327 p~, 310 p~) and the K, for NAD+ was 71 p~ (73 phi, 69 pM). The maximum velocity at pH 9.5 was 123 pmol min-' (mg protein)- ' (127, 118, 123) . The apparent kinetic coefficients of D( -)-mandelate dehydrogenase with D( -)-mandelate, NAD+, phenylglyoxylate and NADH at pH 5-85 (the optimum for the reverse reaction), 7.0 and 9.5 (the optimum for the forward reaction) are given in Table 6 . At all pH values tested, the apparent K , for NADH and phenylglyoxylate were significantly lower than for NAD+ and D( -))-mandelate, and the apparent maximum velocities were significantly greater in the reverse direction than in the forward direction. However, D( -)-mandelate dehydrogenase is induced during the growth of R. graminis on mandelate and presumably the reaction is driven in the forward direction by the decarboxylation of the product by phenylglyoxylate decarboxylase and by the oxidation of the NADH formed. The numbers of individual experiments are given in parentheses, except where only two experiments were done and both values are given in parentheses. Assays were carried out in 200 mM-Bicine/NaOH buffer (pH 9.5; the optimum for the forward reaction), 200 mM-potassium phosphate buffer (pH 7.0) and 200 mwpotassium phosphate buffer (pH 5.85; the optimum for the reverse reaction).
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